As it approaches the maternal surface, the attaching embryo encounters the epithelial glycocalyx, which contains the mucin, MUCl. A high density of MUCl at the cell surface can inhibit cell adhesion. This raises the possibility of the existence of a uterine barrier to implantation that might allow maternal rejection of poorer quality embryos. T o investigate the mechanism of implantation, human embryos were incubated with endometrial epithelial monolayers. Hatched blastocysts were found to attach readily to the epithelial surface. MUCl was lost from epithelial cells beneath and near to the attached embryo, while normal expression persisted in neighbouring cells.
The maternal receptive phase for implantation
Implantation depends on the synchronization of two biological clocks. T h e maternal clock begins at ovulation when steroid production in the ovary switches from oestrogen to progesterone plus oestrogen. Acting through receptors in stromal, epithelial and vascular cells, progesterone causes the endometrium to differentiate with the apKey words: endometrium, mucin. oviduct, primate. Abbreviations used: TE, trophectoderm: KS. kentan sulphate; IVF, in vitro fertilization. ' To whom comspondence should be addressed (e-mail John.Aplin@man.ac.uk).
pearance over a few days of abundant apical Golgi stacks and secretory vesicles, and the production of a repertoire of new glycosylation products at the cell surface and in secretions [l]. These include a blood group A-like glycan recognized by the agglutinin from Dolichos bijlorus, mucin-associated sialyl T n and sialylated keratan sulphate (KS) chains [2-61.
Some 24 h after ovulation, at fertilization, the embryonic clock is set, progressing through cleavage and compaction stages to produce a blastocyst, the result of cell differentiation into inner cell mass and trophectodermal (TE) derivatives. After the blastocyst has hatched from its zona pellucida, TE becomes attached to the maternal epithelium [7] .
T h e embryo then rapidly proceeds to penetrate the epithelium and subjacent basement membrane, becoming embedded in maternal stroma.
After the demonstration of a maternal steroidally controlled implantation window in rats [8] and mice [9] it was hypothesized that the same mechanism may operate in humans. This idea was encouraged by the rather low rates of pregnancy observed after embryo transfer, perhaps reflecting a poorly receptive endometrium. Based on pregnancy success rates after in vitro fertilization (IVF) and embryo transfer at different times after ovulation, the presence was inferred of a probable implantation window of 4 days' duration, beginning approximately 5.5 days after ovulation [lo]. Since hatched blastocysts attach readily to extracellular matrix-coated surfaces [l 11, it is likely that the pre-receptive endometrial luminal 0 n epithelium is non-permissive for embryo attachment. At the onset of receptivity, the endometrium appears to undergo a switch to a permissive condition. Since humans produce a remarkably large proportion of abnormal embryos, this could be an important mechanism for interrupting pregnancies that might otherwise be destined to fail later in gestation, or produce an abnormal offspring.
In molecular terms, endometrial receptivity could involve either the acquisition of adhesion ligands, or the loss of inhibitory components that might act as a barrier to an attaching embryo [12] . Inter-species comparisons are instructive in this regard.
Mucins as anti-adhesive molecules at the maternal-embryonic interface
The cell-surface mucin MUCl has anti-adhesion properties, as demonstrated by experiments in which over-expression at the cell surface leads to the inhibition of cell-cell and cell-matrix adhesion [ 1 3,141 by steric hindrance to receptor-ligand interactions that initiate or mediate cell-cell adhesion. This is the result of a combination of high surface density and the highly extended conformation of M U C l , the ectodomain of which contains a variable number tandem repeat of 20 amino acid casettes. Five of these amino acids are serine or threonine, and a further five are proline.
Endometrial M U C l contains about 40 yo glycan by weight [15, 16] .
It is surprising that MUCl is expressed at a high level at the human endometrial surface in the mid-secretory phase [ 16,171. This observation suggests the existence of a barrier to the implanting embryo, and the need for a locally acting mechanism for the removal of inhibition. MUCl is also expressed in human tuba1 epithelium 
MUC I -associated KS
Several mucin-associated non-reducing terminal glycans show strong hormonal regulation in endometrium [2] . For example, KS chains containing terminal sialic acid are present in endometrium (Fig. la) and their overall abundance is increased in the secretory phase of the cycle [6] . In this tissue KS is associated with M U C l [S]. However, there is evidence that, in the receptive phase, KS is lost from some regions of the luminal epithelial apical surface despite the persistence of MUCl [S] . This may reduce Coulombic repulsion between the maternal epithelium and T E cells [19] .
In vitro implantation
Spare embryos available from an IVF programme were allowed to develop to the blastocyst stage and then to hatch from the zona pellucida in vitro in coculture with a monolayer of endometrial epithelial cells. These embryos were observed to attach to the underlying epithelial monolayer. When immunostaining was carried out of the attachment sites, it was observed that M U C l staining had disappeared from epithelial cells beneath and in the immediate vicinity of the attached embryo (Fig. 2) [18] . Anti-cytokeratin, used as a control, was positive in MUC1-negative cells. MUCl staining was unaffected in cells at greater distance from the implantation site. Further, there was no immunoreactivity in the T E of the attached embryo. Thus M U C l appears to be lost from both interacting surfaces at or shortly prior to attach-
The Glycobiology of Development ment. This suggests that an embryo-maternal paracrine signal might lead to the loss of M U C l , a mechanism that is attractive in combining the requirement for a steroidally prepared maternal epithelium capable of receiving and implementing an embryonic stimulus, with the production of that stimulus by the embryo. Since poor embryos may not produce an adequate signal, this is another way in which they might fail to implant. However this mechanism is not wholly effective in screening out chromosomally abnormal embryos : for example, monosomic embryos do not implant, whereas, for example, trisomy 16 embryos implant but the pregnancy subsequently fails [20] . 
Inter-species comparisons
Both rats and mice express apical epithelial endometrial M U C l in oestrous phase, with downregulation under maternal steroidal control at approximately day 4 of pregnancy; that is, at the start of the receptive phase [21] . M U C l is also lost from the receptive phase epithelium in pig [22] , and expression declines in baboon [23] . Thus reduced, M U C l probably plays a role in the acquisition of receptivity in several species. However, after the receptive phase has ended, M U C l does not reappear, so other molecular mechanisms must operate at this stage. In rabbit, there is a closer parallel with the human: M U C l levels increase in early pregnancy, but local downregulation of maternal M U C l occurs within the implantation chamber, apparently in response to a paracrine signal from the embryo [24] .
In the New World primate Cebus apella, immunohistochemistry reveals apical M U C l in endometrium in both luminal and glandular epithelium, with glands showing considerable variability in their staining intensity (C. J. P. Jones, J. D. Aplin, M. E. Ortiz and H. Croxatto, unpublished work). KS is also present in endometrium in this species. It varies widely in expression in different regions of the surface and glandular epithelia (Fig. lb) .
Ectopic pregnancy and tubal epithelium
Humans, but not other animals, are prone to ectopic implantation, as for example in the oviduct. Tuba1 epithelial cells express M U C l at the apical cell surface at all levels of the tube and throughout the secretory phase of the menstrual cycle (M. E. Ortiz, J. D. Aplin, C. J. P. Jones and H. Croxatto, unpublished work). KS is also present in the apical tubal epithelium (Fig. lc) .
M U C l immunoreactivity is observed in Cebus in all areas of tubal epithelium during both follicular and luteal phases. KS is also expressed in the tubal epithelium (Fig. Id) . Ectopic pregnancy has not been observed in this species despite long periods of breeding in captivity. Staining is significantly higher in the tube than in the endometrial luminal epithelium, suggesting a gradient of antiadhesive activity.
Conclusion
Studies of M U C l expression in the upper female reproductive tract are consistent with a barrier
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0 200 I Biochemical Society role, perhaps in preventing infection. Tissuespecific glycosylation may be important in this regard. However, embryos must cross the barrier to implant. This is facilitated in some species by maternal hormonal down-regulation of M U C l to coincide with the implantation phase of the reproductive cycle. In others, including the human, M U C l is down-regulated locally, apparently as a result of a direct interaction with the embryo. T h e mechanism of this type of regulation remains to be established.
